Aims We aimed to develop prognostic models for patients with chronic heart failure (CHF).
Introduction
Chronic heart failure (CHF) is a major cause of death and disability. Mortality rates approach 20% per year in spite of current medical therapy, and nearly one million patients are hospitalized with CHF per year in the USA alone. 1 However, the clinical course of patients with CHF is variable. Understanding what factors relate to subsequent mortality and morbidity may help in identifying which patients are in need of more intense monitoring and therapy. Moreover, insights into which factors relate to poor outcome may help generate hypotheses for additional interventions.
Although a variety of individual factors are known to relate to heart failure (HF) outcome, multiple factors must be taken into account simultaneously in a multi-variable model to refine and quantify their predictive ability. A number of such models have been reported in CHF, [2] [3] [4] [5] [6] [7] [8] although most of these have included neither a broad spectrum of CHF with respect to left ventricular function nor a substantial proportion of patients taking contemporary evidence-based treatments, including angiotensin-converting enzyme (ACE)-inhibitors, beta-blockers, spironolactone, and angiotensin receptor blockers.
The Candesartan in Heart Failure: Assessment of Reduction in Mortality and morbidity (CHARM) programme enrolled 7601 patients (7599 with data) with a clinical diagnosis of CHF, irrespective of left ventricular ejection fraction (EF). Patients were randomized to the angiotensin receptor blocker candesartan or placebo and were followed for a median of 38 months. We used the large database from CHARM to develop prognostic models, which included patients with the full spectrum of left ventricular systolic function. These models were developed both to gain insight into what factors have an independent influence on outcome and to quantify that influence. exclusion criteria were serum creatinine !265 mmol/L, serum potassium !5.5 mmol/L, myocardial infarction or stroke in the prior 4 weeks, or non-cardiac disease judged to limit 2-year survival. The programme consisted of three component trials that shared these inclusion and exclusion criteria, endpoint definitions, and follow-up methods. Patients were enrolled with (i) left ventricular EF . 40% (CHARM-Preserved) (ii) ACE-inhibitor intolerance (CHARMAlternative) and left ventricular EF 40%, and (iii) ACE-inhibitor (CHARM-Added) and left ventricular EF 40%. Patients were enrolled following informed consent at 618 sites with ethical board approval in 26 countries between March 1999 and March 2001, and patients were followed until March 2003 for a median follow-up of 38 months (range 2-4 years).
The primary combined endpoint of each constituent trial was time to cardiovascular (CV) death or hospitalization for the management of worsening HF (adjudicated by a clinical events committee), and the primary endpoint of the overall programme was all-cause mortality. At the end of the trial, vital status was known for all but ten patients.
Standard criteria were used for demographic, medical history, and clinical examination variables. Diabetes was defined as a medical history of diabetes, and treatment with insulin, oral hypoglycaemics, or diet alone was collected. Blood pressure was measured after resting for at least 5 min. Cardiomegaly was defined by current or prior chest X-ray having cardiothoracic ratio of !0.5. Investigators were asked to indicate whether each patient experienced a list (modified Boston criteria 11 ) of current or prior symptoms of HF. We did not collect blood laboratory parameters in the overall CHARM population.
Statistical methods
From the baseline case record forms used for all patients in CHARM, an extensive list of baseline variables that might be related to patient prognosis was identified ( Table 1) . Excluded from this list were variables containing information on concomitant or past medical or procedural treatments, as it is impossible to distinguish causality of treatment effects from selection bias. In addition, blood biochemical and haematological variables were not included, because they were only obtained for the subset of patients in North America.
The two outcomes studied here are time to death from any cause and time to CV death or first hospitalization for CHF. For each outcome, Cox proportional hazards models were built using a forward stepwise procedure with P , 0.01 set as the inclusion criterion. The two final models presented include the same set of variables, i.e. variables that achieved P , 0.01 for at least one of the two outcomes. In recognition that CHARM is a randomized trial, a dummy variable for candesartan vs. placebo was included in all models. There was no stratification by component trial (CHARM-Added, -Alternative, or -Preserved) so that the relation of EF to risk could be correctly modelled.
For binary variables (e.g. gender) and categorical variables (e.g. NYHA class), appropriate dummy variables were used. Quantitative variables (e.g. heart rate) were fitted as a single continuous measurement, unless there was clear evidence of non-linearity, as occurred with age, EF, and body mass index. To account for digit preference in some centres, EF was rounded to the nearest 0 or 5, e.g. EF 33 to 37 all became 35. Each variable's statistical strength of contribution to prediction of outcome was expressed as the x 2 statistic with one degree of freedom. The larger the x 2 , the smaller the P-value for that variable: for variables with a one degree of freedom, x 2 of 6.64, 10.83, 15.1, 28.4, and 37.3 are associated with P-values of 0.01, 0.001, 0.0001, 0.0000001, and 0.000000001, respectively.
Interactions that have been reported to be significant from prior studies were evaluated. These included the interaction of diabetes with aetiology of HF 12, 13 and the interaction of gender with left ventricular EF. 14 Model calibration and ability to separate populations of patients into differing risk groups were evaluated by assessing predicted vs. actual outcomes in deciles. The models' discrimination abilities were assessed by the c-statistic. The internal validity of the final predictive models in Tables 2 and 3 was assessed by the bootstrap re-sampling technique. 15 For each of 100 bootstrap samples, the model was re-fitted and tested on the original sample to obtain a bias-corrected estimate of predictive accuracy.
Results
The CHARM programme included 7599 patients. During follow-up, 1831 died and 2460 had a CV death or HF hospitalization. Table 1 shows the baseline variables that were considered as candidates for inclusion in the prognostic models. Baseline characteristics are shown for patients who died and who survived and also for patients who did and did not suffer CV death or hospitalization for worsening HF (CV death or HF hospitalization).
The final prognostic models for CV death or HF hospitalization and for all-cause mortality are shown in Tables 2  and 3 . For each model, the variables are listed in order of their statistical strength of contribution to prediction of outcome, as represented by the x 2 statistic.
Predicting CV death or HF hospitalization
Simultaneously considering all the variables in Table 2 , the most powerful predictor of the CV death or HF hospitalization is age, with x 2 of 182. As shown in Figure 1 , there appears to be no substantial increasing risk up to age 60. The model estimates a 46% increase in hazard for every 10 years of age .60, with 95% CI 38-54% increase.
Diabetes is also a very powerful predictor of risk, with a total x 2 (for both insulin-treated and other) of 220. For diabetic patients on insulin (9.3% of all patients in CHARM), there is a doubling in risk (hazard ratio, 2.03) compared with non-diabetics, whereas other diabetics (19.1% of CHARM patients) have a 58% increase in hazard.
The next strongest predictor is EF with x 2 of 120. Figure 1 shows that there is a steady monotonic increase in risk for EF values ,45%. For every 5% decrease in EF, there is a 13% increase in hazard, 95% CI 11-16% increase. However, for EF values !45%, there is no further relationship of increasing EF with change in risk.
A previous hospitalization for HF had occurred in 52.7% of patients and increased the hazard by 73% if within the past 6 months, 22% otherwise. Cardiomegaly (21.9% of patients) increased the hazard ratio by 35%. There was a gradient of risk with increasing NYHA class, with classes III and IV (52.4 and 2.6% of patients, respectively) increasing the hazard by 32 and 54% relative to patients in class II.
There is a strong inverse relationship between diastolic blood pressure and risk, whereby every 10 mmHg decrease in pressure is associated with an 11% increase in hazard. Systolic blood pressure did not have a significant independent association with risk. The risk associated with heart rate was relatively less, with only an 8% increase in hazard for every 10 b.p.m. increase.
There was a 3% increase in risk per 1 kg/m 2 decrease in body mass index (BMI) below the median value of 27.5 kg/m. In decreasing order of importance, bundle branch block, pulmonary crackles, dependent oedema, atrial fibrillation, rest dyspnoea, mitral regurgitation, and previous myocardial infarction were further independent and highly significant predictors of CV death and HF hospitalization. After allowing for all the aforementioned variables, there was still a gender difference with females having a 17% lower risk of CV death or HF hospitalization relative to males. Randomization to candesartan was associated with an adjusted risk reduction of 18%, 95% CI 11-24%, (P , 0.00001), for CV death or HF hospitalization.
Predicting all-cause mortality Table 3 shows that many of the same baseline variables are also independent predictors of death from any cause. The association with age is even stronger (Figure 1) , although EF and diabetes are the next two most important predictors of mortality.
Next in statistical strength of prediction is BMI. There is an inverse association between BMI and mortality, while appeared confined to patients whose BMI is below the median of 27.5 kg/m 2 . Such low weight patients have a 9.3% increase in mortality hazard for each 1 kg/m 2 reduction, P , 0.000000001. Thus, compared with BMI of !27.5 kg/m 2 , a BMI of 20 kg/m 2 carries a 67% increased risk. Many of the other predictors of the primary endpoint also predict mortality, although their rankings of relative importance change somewhat. Previous hospitalization for HF within the past 6 months and previous myocardial infarction are associated with a 44 and 23% increase in mortality hazard, respectively. The gender difference is still present for mortality with 23% hazard reduction for females. Two additional predictors are current cigarette smoking (14.7% of patients) with a 34% higher risk of death and pulmonary oedema (2.8% of patients) with a 37% increase in hazard.
There was no evidence of interaction of the impact of diabetes or of gender according to HF aetiology or of gender according to EF either for CV death and HF hospitalization or for all-cause mortality.
Predicting an individual's risk
The models in Tables 2 and 3 can be used to predict any individual's risk of each outcome. For any patient, one forms a risk score that is a linear combination of their variable values multiplied by coefficients. For ease of presentation, that risk score has been multiplied by 10. Examples of how to use the risk score for risk prediction in individual patients are presented in the appendix.
Figure 2(A) shows both the distribution of the risk score for CV death or HF hospitalization and the relationship between risk score and estimated probability of a primary event within 2 years of follow-up. Figure 2(B) shows the corresponding distribution and probability curve for the all-cause mortality risk score. Figure 3 further illustrates the predictive power of each of the two risk scores, by showing Kaplan-Meier plots for CV death or HF hospitalization and for all-cause mortality for patients classified into 10 equal sized groupings of the risk score. Figure 4 demonstrates the two models' goodness-of-fit by comparing the observed and expected probabilities of CV death or HF hospitalization, and mortality within 2 years, for patients classified into 10 consecutive equal sized groups. For both outcomes, we see a very strong gradient in risk with patients in the top 10th of the risk score, having over 10 times and over 15 times the risk of patients in the bottom 10th of risk.
The discrimination abilities of the models were moderately strong, with C-indices (areas under the receiver operating characteristics curve) for predicting the 2-year incidence of CV death or HF hospitalization, and death of 0.75 and 0.75, respectively. Results of internal validation revealed no 'overoptimism' in the predictive discrimination with C-indices of 0.75 and 0.74, respectively, using the re-fitted model.
Model performance was equally good in the low and the preserved left ventricular EF populations, with C-indices of 0.74 for CV death and HF hospitalization and 0.73 for all-cause death in CHARM-low EF (Alternative and Added) and 0.76 for CV death and HF hospitalization and 0.73 for all-cause death in CHARM-Preserved.
Discussion
This study identifies 21 independent predictors of mortality or morbidity in CHF. Although many of these have been identified previously, the models reported here are the first to be developed in a single cohort spanning the full range of left ventricular systolic function, including a substantial proportion of patients with preserved left ventricular EF. The model performed equally well in patients with low and preserved EFs.
For predicting either the composite (CV death or HF hospitalization) or the all-cause mortality, the variables with the most prognostic information were older age, lower EF, and diabetes.
Older age has consistently been related to worse outcome. 2, 4, 7, [16] [17] [18] With the large number of deaths in the CHARM data set, we were able to further define the relationship as a non-linear one, where age had relatively little impact on outcome until after age 60, and then the risk of death increases nearly two-fold every 10 years. As the CHARM programme included over 1700 patients age 75 or over, this data set is well suited to define the impact of advancing age. This is particularly important given the ageing of both the overall and the HF populations.
In CHARM, by design, over one-quarter of the population had EF .50%. As expected, EF was a strong predictor of outcome. The relationship of worsening outcome to lower EF was evident when EF was ,45%, with around a 15% increase in risk for each 5% drop in EF. However, in patients with HF and preserved systolic function, there was no trend for risk to decrease further when left ventricular EF was !45%.
An important finding in CHARM was the very powerful impact of diabetes on risk. Diabetes was associated with around a doubling of risk of either death or the composite outcome when insulin-treated, and a 50% increase in risk in generally less severe, non-insulin-treated diabetes. Although diabetes has been recognized as an important modulator of HF outcome, 13, 14, 19 previous studies have not defined diabetes to be so important in multi-variable modelling. In spite of prior studies suggesting an impact of diabetes on outcome limited to patients with ischaemic aetiology of HF, 7,12,13 we found a similar major impact in ischaemic and non-ischaemic aetiologies. Given the epidemic of both CHF and diabetes, this observation has major public health implications and suggests that prevention and modification of diabetes may be especially important in patients with or at risk of CHF of any aetiology.
Low body mass is often associated with a poor prognosis in chronic disease, 20 as we found to be the case for risk of death in CHARM. In spite of the risk of obesity for CV disease and the expectation that fluid retention due to worse HF would increase weight, low body mass below a threshold was the dominant factor, perhaps partly related to poor nutrition or general poor state of health that had resulted in weight loss.
Cardiomegaly on chest X-ray was strongly associated with worse outcome. Cardiomegaly has previously been shown to be significantly, albeit weakly, associated with left ventricular EF, 21 and in CHARM, these factors provided independent and complementary information. Previous studies have likewise found cardiothoracic ratio of greater than 0.5 to be an independent predictor of mortality. 7, 18 Blood pressure is known to be an independent predictor of outcome in HF, although systolic blood pressure has generally been the focus. 22 We found that lower diastolic blood pressure was the stronger (and only significant) independent prognostic blood pressure measure. This may be a surprising finding to clinicians who tend to focus on systolic blood pressure as the more informative measure.
Female gender was an independent predictor of better outcome, both total mortality and combined CV death and HF hospitalization. This was true regardless of whether Predicting death and morbidity in HF 71
systolic dysfunction was present. Unlike one prior report, 14 gender had similar prognostic significance regardless of HF aetiology, suggesting that the borderline significant interaction in the BEST trial analysis may have been due to the play of chance. Similar to the DIG trial report of predictors of outcome among patients with preserved systolic function, 17 we found that female gender was associated with better outcome.
Prior myocardial infarction, an indicator of ischaemic aetiology of HF, was a statistically significant independent predictor of worse outcome, but it was not one of the more powerful predictors. Although QRS duration was not collected, bundle branch block was an important independent predictor of both outcomes, consistent with other studies finding conduction delay to be associated with higher risk. 23 Overall, the models that we have developed add important information to previous predictive models in HF populations. They are based on a large number of patients and events across a broad spectrum of HF, thus allowing a more detailed, precise, and generalizable evaluation of predictors and their independent contributions. Although clinical trial databases have limitations of being selective compared with general practice, they provide the advantage of systematic data collection and complete, high quality follow-up. In the CHARM programme, patients were at high risk, with one in four patients dead with a median follow-up of 38 months. The relatively long follow-up in CHARM makes it more relevant to clinicians interested in how patients will fare over a horizon of years. Moreover, only 0.1% of patients lacked vital status at the final visit.
One limitation is that we do not have systematic measurements of blood laboratory tests, including haemoglobin, creatinine, and b-type natriuretic peptide, known to be important predictors of outcome in CHF. [24] [25] [26] We have depended on clinical diagnoses, for example, of diabetes, and rigorous testing and definition may have increased the importance of some variables. We do have such blood biochemistry data only in the 2681 North American patients, but we will be reporting on them separately because they comprise a smaller subset. Because the focus of this study was to report on associations in the CHARM database rather than to develop a generalizable clinical prediction tool, our model was not validated in a separate data set, although internal validation was excellent as would be expected given the robust nature of the CHARM database.
In conclusion, the two models presented provide detailed information about factors that relate to mortality and morbidity in CHF and highlight the importance of diabetes. They provide tools to stratify risk and define risk relationships across the full spectrum of left ventricular systolic function and advancing age. 
